Due to their unique structure and outstanding intrinsic physical properties such as extraordinarily high electrical conductivity, large surface area, and various chemical functionalities, lowdimension-based materials exhibit great potential for application in electrochemical capacitors (ECs). The electrical properties of electrochemical capacitors are determined by the electrode materials. Because energy charge storage is a surface process, the surface properties of the electrode materials greatly influence the electrochemical performance of the cell. Recently, graphene, a single layer of sp 2 -bonded carbon atoms arrayed into two-dimensional carbon nanomaterial, has attracted wide interest as an electrode material for electrochemical capacitor applications due to its unique properties, including a high electrical conductivity andlarge surface area. Several low-dimensional materials withlarge surface areas and high conductivity such as onion-like carbons (OLCs), carbide-derived carbons (CDCs), carbon nanotubes (CNTs), graphene, metal hydroxide, transition metal dichalcogenides (TMDs), and most recently MXene, have been developed for electrochemical capacitors. Therefore, it is useful to understand the current issues of low-dimensional materials and their device applications.
Introduction
One of the most general requirements for almost every form of alternative energy is energy storage. Depending on the application, energy storage system requirements vary: stationary or mobile, the amount of energy stored, charge/discharge efficiency, charge/discharge rate, relative density and volume, the form of the stored energy, and cost. Many methods, including gravitational, mechanical, thermal, and electrochemical can be used to store energy. Each method has its advantages and disadvantages. Among others, electrochemical energy storage systems such as rechargeable batteries [1] and electrochemical capacitors (ECs) [2, 3] , are the leading electrical energy storage systems today. Both batteries and capacitors are based on electrochemistry; the fundamental difference between them is that batteries store energy in chemical reactants that are able to generate charge [1, 4] , and electrochemical capacitors store energy directly as charge [5, 6] . Systems that store energy directly as electricity have the advantage of eliminating the need and efficiency losses of converting between electrical energy and the initial energy form [1] .
The demand for novel, low-cost, eco-friendly, and highperformance energy storage systems has been increasing as a result of the needs of modern society and emerging ecological concerns. ECs, also known as supercapacitors and ultracapacitors, are considered promising candidates for alternative energy storage systems as a result of their high rate capability [6], pulse power supply [7] , long cycle life (1000 000 cycles) [8] [9] [10] [11] , reduced thermochemical heat due to simple charge storage operation [2, 12] , high dynamics of charge propagation [13, 14] , and low maintenance costs. ECs store significantly greater energy density than conventional dielectric capacitors; however, their cell construction is similar to that of traditional capacitors except that the metal electrodes are replaced by highly porous electrodes [15, 16] . The limitations of power sources such as batteries and fuel cells could be complemented by ECs because of their long cycle life and rapid charging and discharging rate at high power densities [6] . Consequently, ECs have attracted considerable attention from both scientists and engineers and generated great interest for a growing range of applications that require high power density such as energy back-up systems, portable devices, and electrical hybrid automobiles [2] .
ECs are related to batteries and can be divided into three classes (figure 1) [2, 3, 17, 18] . (1) The first class contains electric double layer capacitors (EDLCs) [9, 11, 19] , which store energy using the adsorption of both anions and cations and store charge physically [9] , without a chemical-reactioninduced faradaic current. Because the charge is stored physically, without chemical or phase changes, the process is highly reversible, and the charge/discharge cycle can be repeated virtually without limit [2] . An EDLC stores electrical charge in an electrical double layer in an electrode-electrolyte interface with a high surface area of carbon electrode materials [9] . However, the electric double layer capacitance of porous carbon electrodes falls below ideal values; thus the practical energy densities of carbon-based EDLCs are limited because the electrochemical reactions occur only on the surface of the carbon electrode and not inside it [5, 20, 21] . Unlike EDLCs, pseudo-capacitors store energy through a faradaic process involving reversible surface redox reactions between electrolyte and electro-active materials on the electrode surface [2, 3, 12, 19] . The most explored electro-active materials are transition metal hydroxides [22] [23] [24] , conducting polymers [25] [26] [27] , and oxygen and other hetero-atom-containing surface functional groups [17] . Compared with EDLCs, pseudo-capacitors can generate much higher capacitance through a redox reaction of electro-active materials [28] [29] [30] . Nevertheless, further practical applications of electro-active materials in relation to pseudo-capacitors are still limited by the low power density that arises from low electrical conductivity, which restricts rapid electron transport, and by the lack of pure cycling stabilitydue totheir easily decomposed structure during the redox reaction [5, 6] . (3) Hence, to resolve those problems, hybrid electrochemical capacitors, which consist of a battery-type electrode and a capacitor-type electrode [6, 14] , have been proposed to offer the advantages of both ECs (charging/discharging rate, cycle stability) and advanced batteries (energy density). They show high energy density while maintaining extended cycle stability and fast charge capability [31] [32] [33] . ECs coupled with batteries and fuel cells are considered the most promising mid-term and long-term solutions for low-and zero-emission transport vehicles.
Low-dimensional (0D, 1D, 2D and 3D) materials including onion-like carbons (OLCs) [34] [35] [36] , carbon nanotubes (CNTs) [13] , graphene derivatives [37], dichalcogenides [38] [39] [40] , and MXene [20] , have been judged to provide huge potential for the development of electrochemical capacitor electrodes with higher performance (figure 2). In this review, we summarize the progress made so farusing lowdimensional material-based electrochemical capacitors by considering the novel designs ofelectrode materials used in electrochemical capacitors. We will discuss their preparation mechanisms and explore how they effectively achieve high electrochemical performance. 
Backgroundto electrochemical capacitors (ECs)
ECs store energy in the form of electrical charge and can deliver the stored charge on demand in the form of an electric current [9] . Their typical structure consists of two parallel plates, the same or positive and negative electrodes separated by a polymer-based separator with electrolyte [15] . When a voltage is applied to an EC, opposite charges accumulate on the surfaces of each electrode. The charges are kept separate by the separator, thus producing an electric field that allows the EC to store energy [7] . The total capacitance, C, is defined as the ratio of stored positive charge, Q, to the applied voltage, V:
For an EC, C is directly proportional to the surface area, A, of each electrode and inversely proportional to the distance, D, between the electrodes:
The product of the first two factors on the right-hand side of the last equation is a constant of proportionality wherein ε 0 is the dielectric constant of free space and ε r is the dielectric constant of the insulating material between the electrodes. The two primary attributes of a capacitor are its energy density and power density. For either measure, the density can be calculated as a quantity per unit mass or per unit volume. The energy, E, stored in an EC is directly proportional to its capacitance:
In general, the power, P, is the energy expended per unit time. To determine P for an EC, though, one must consider that ECs are generally represented as circuits in a series with an external load resistance, R. The internal components of the EC such as the current collector, electrodes, and electrolyte also contribute to R, which is measured in aggregate by a quantity known as equivalent series resistance (ESR). The voltage during the discharge is determined by the resistance. When measured at matched impedance (R=ESR), the maximum power P max for an EC is given by:
This relationship shows how the ESR can limit the maximum power of ECs.
Conventional capacitors have relatively high power densities, but relatively low energy densities, compared to lithium-ion batteries (LIBs) and fuel cells. That is, a battery stores more total energy than a capacitor (higher energy density), but it cannot deliver it as quickly (lower power density). Conventional capacitors, on the other hand, store less energy per unit mass or volume than batteries (lower energy density), but what electrical energy they do store can be discharged rapidly (higher power density). Moreover, ECs incorporate electrodes with much higher surface areas and much thinner dielectrics than conventional capacitors, which increases both their capacitance and energy density [41] . By maintaining the low ESR characteristics of conventional capacitors, ECs can achieve comparable power densities. ECs also have several advantages over LIBs and fuel cells including power density, fast charging, and non-limited cycle life. Currently, most researchers focus on developing improved types or classes of ECs to make their energy densities more comparable to those of LIBs.
Design and synthesis of electrode materials
3.1. Carbon-based materials 3.1.1. High surface area carbon-based electrode materials.
Carbon-based porous materials, such as OLCs [34, 42, 43] , CDCs [44] [45] [46] , CNTs [47] , and graphene derivatives [48] , are the materials most widely used as porous electrodes in ECs because of their electrical and chemical properties, cycle stability, and transformable structure. Also, the controllable porosity of carbon-based materials can accelerate the kinetic process of ion diffusion in electrodes [18, 49] . Therefore, porous carbon-based materials have received a great deal of attention as EC electrode materials. Because the pore structure in carbon materials is complex, understanding the charge-storage mechanism of porous carbon electrodes is vital. Electrode performance in ECs depends on various mutually interlinked parameters: total specific surface area [9] , normally characterized by Brunauer-Emmett-Teller (BET) surface area; the nature of the porosity of the electrode materials; the pore-size distribution; and the electrical conductivity of the electrode materials [21, 41, 44, 50, 51] . Various carbon allotropes have highly porous surface areas consisting of different types of pores [2, 9, 52, 53]. Porous materials can be divided into three classes based on their diameters: 1) micro-pore (<2 nm), 2) meso-pore (2-50 nm), and macro-pore (>50 nm) [54] . Generally, a porous carbon electrode contains all three types of pore structures. Because different types of pores interact with electrolyte ions in different ways, the capacitance performance of an electrode is affected by the relative number of pores of each size [41, 44] .
The specific surface area can play a particularly important role in the charge storage of EDLCs. High surface area means more sites are available for ion accumulation through electrostatic interaction, thereby allowing improved capacitance performance [9, 10] . However, the proportionality between specific surface area and charge storage capacity demands consideration of the pore size of the electrode materials [44, 50] . The development of specific surface area with small pores that are inaccessible to ions does not improve capacitance performance. Despite similar specific surface areas, electrode materials with different pore-size distributions exhibit different capacitive behavior [44] . Micropores are more efficient than meso-pores [41, 51] . An increased micro-pore to meso-pore volume ratio enhances the specific capacitance for porous carbon-based electrodes. During the electrochemical reactions, electrolyte ions are adsorbed onto the surface or inner side wall of the pores. Generally, meso-pore structures are larger than the ions. The effective ionic dimension of cations such as K + , Na + , and Li + is less than 0.42 nm, and that of anions such as NO 3 − , Cl
− , ClO 4 − , and OH − is more than 0.51 nm [10] . Therefore, pore sizes larger than the electrolyte ions represent unusable surface area for electric double layer formation and a specific capacitance decrease [44] . Electro-adsorption in meso-pores (2-50 nm) is not as efficient as that in micro-pores in terms of maximizing use of the porous surface area. A suitable pore size in electrode materials is thus an important parameter in maximum charge storage performance.
Onion-like carbons, OLCs, a kind of ultimate carbon black, have many attractive characteristics for energy storage, such as high conductivity, high surface area, and exceptionally fast charging/discharging rates [34, 42] . OLCs are prepared by annealing a nanodiamond precursor ( figure 3(a) ), which can be easily scaled up for industrial applications [55, 56] . OLCs have gained significant attention as electrode materials in electrochemical capacitors [57] . Although all ECs are ideal for high power applications, OLC-based ECs show more than 10 timesthe power density of ACs [34] . This exceptional performance stems from their non-porous character, which allows ions to adsorb and desorb 1000 times faster than with ACs [34] . OLCs also show much higher performance than ACs as conductive additive materials in electrodes [58] . OLCs are quasi-spherical nanoparticles of 
